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EXPERIMENTAL STUDY OF FLASH FLOOD SURGES DOWN A ROUGH 
SLOPING CHANNEL 
by H. CHANSON1 
 
Abstract : Flood waves resulting from  flash floods and natural dam overtopping have been 
responsible for numerous losses. In the present study, surging waters down a flat stepped 
waterway (θ = 3.4º) were investigated in a 24 m long chute. Wave front propagation data were 
successfully compared with HUNT's (1982,1984) theory. Visual observations highlighted strong 
aeration of the leading edge. Instantaneous distributions of void fractions showed a marked 
change in shape for (t - ts)* g/do ~ 1.3, which may be caused by some major differences 
between the wave leading edge and the flow behind, including non-hydrostatic pressure 
distributions, plug-slug flow regime and different boundary friction regime. Practically, the 
results quantified the large amount of entrained air (i.e. 'white waters') at the wave front, which 
in turn reduces buoyancy and could affect sediment motion at the leading edge because the 
sediment relative density is inversely proportional to the entrained air content. 
Keywords : flash flood propagation, unsteady open channel flow, boundary friction, air-water 
flow, sediment motion. 
 
INTRODUCTION 
Flood waves resulting from flash floods have been responsible for numerous damage and losses of life. For 
example, during an intense rainfall in South-East-Queensland on 9 March 2001, severe flash flooding caused 
up to $20 millions of damage in the Brisbane area and two people drowned in separate incidents in 
floodwaters. Most rainfall occurred in less than 1 hour and the flash flood front propagated like a surge. 
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BORNSCHEIN and POHL (2003) documented a dam break which induced a flash flood surging through the 
streets of the Glashütte township, Germany. A related case of flash floods is the flooding of valley during 
armed conflicts: e.g., by the Assyrians (Babylon, Iraq BC 689), the Spartans (Mantinea, Greece BC 385-84), 
the Chinese (Huai river, AD 514-15), the Russian army (Dnieprostroy dam, 1941), by the Royal Air Force 
(Möhne dam, 1943) (RÉ 1946, DRESSLER 1952, SMITH 1971, SCHNITTER 1994). 
CAPART and YOUNG (1998) studied dam break wave propagation in movable bed laboratory flumes. They 
observed intense scouring of the bed at the leading edge of the bore. KHAN et al. (2000) studied the effects of 
floating debris on dam break waves in laboratory also. Their results showed an accumulation of debris near 
the wave front and a reduction of the front celerity both with and without initial water levels. Despite few 
earlier studies (e.g. Table 1), current knowledge of flash flood surging down rough sloping waterways is still 
rudimentary. No robust surge prediction model has been developed for very-rough channels. Further 
photographs and video movies demonstrated the aerated nature of the advancing front (DRESSLER 1954, 
BAKER 1994, BORNSCHEIN and POHL 2003), but this aspect remains totally unknown and un-quantified. 
During the present study, flash flood surges were investigated in a large size stepped chute (θ = 3.4º, 24 m 
long). The results provide new information on the rate of energy dissipation and on the downstream wave 
celerity. Unsteady two-phase flow measurements were further conducted in the wave front to comprehend the 
air-water flow structure and possible effects on debris and sediment motion. 
 
Theoretical background 
Considering the dam break wave down a smooth sloping channel, the kinematic wave approximation of the 
Saint-Venant equations may be solved analytically (HUNT 1982). For a prismatic rectangular channel, 
HUNT's analysis gives : 
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where t is the time with t = 0 at dam break, ds is the dam break wave front thickness, xs is the dam break wave 
front position measured from the dam site, U is the wave front celerity, do is the reservoir height at dam site, 
and So is the bed slope. (Note that the reservoir length is do/So.) The velocity VH is the uniform equilibrium 
flow velocity for a water depth do : 
 VH  =  
8*g
f  * do * So (4) 
where g is the gravity acceleration and f is the Darcy friction factor which is assumed constant. Equations (1) 
to (4) are valid once the dam break wave has travelled more than 4 times the reservoir length and that the free-
surface is parallel to the bottom of the sloping channel. Equation (2) may be transformed : 
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HUNT (1984) developed further an analytical expression of the shock front shape : 
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where d is the depth (or thickness) measured normal to the bottom. 
The elegant development of HUNT (1982, 1984) was verified by several series of experiments (e.g. HUNT 
1982, 1984, NSOM et al. 2000) 
 
EXPERIMENTAL APPARATUS 
Experiments were performed in a 24 m long 0.5 m wide flume (Fig. 1). The channel slope was So ≈ 0.065 (i.e. 
θ = 3.4º). The flow rate was delivered by a pump controlled with an adjustable frequency AC motor drive 
Taian T-Verter K1/N1 (Pulse Width Modulated design), enabling an accurate discharge adjustment in a 
closed-circuit system. The flow was fed through a smooth convergent nozzle (1.7 m long), and the nozzle exit 
was 30 mm high and 0.5 m wide. Bed roughness was artificially generated by two stepped configurations 
detailed in Table 1. Two relevant studies are further listed in Table 1. 
In steady flow conditions, flow rates were measured with a Dall™ tube flowmeter, calibrated on site with a 
sharp-crested weir. The accuracy on the discharge measurement was about 2%. The surging flow was studied 
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with high-shutter speed still- and video-cameras : i.e., a VHS video-camera Panasonic™ NV-RX10A (speed: 
25 frames/sec., shutter: sport mode, zoom: 1 to 14), a digital video-camera handycam Sony™ DV-CCD DCR-
TRV900 (speed: 25 fr/s, shutter: 1/4 to 1/10,000 sec., zoom: 1 to 48) and a digital camera Olympus™ 
Camedia C-700 (shutter: 1/2 to 1/1,000 sec., zoom: 1 to 27) (e.g. Fig. 1B & 2). 
Air-water flow properties were measured with a series of conductivity probes. Each probe sensor consisted of 
a sharpened rod (∅ = 0.35 mm) insulated except for its tip and set into the second tubular electrode (∅ = 1.42 
mm). The probe output signals were scanned at 10 kHz per channel for six seconds. Data acquisition was 
triggered manually immediately prior to the flow arrival. At each location x', one probe (i.e. reference probe) 
was set on the invert, acting as a time reference, while the other probes were set at different elevations (Fig. 
2). Each experiment was repeated until sufficient data were obtained at each profile. The displacement of the 
probes in the direction normal to the invert was controlled by a fine adjustment travelling mechanism. The 
error in the probe position was less than 0.2 mm and 2 mm in the vertical and horizontal directions 
respectively. Further informations and the full data set were reported in CHANSON (2003).  
 
Signal processing 
Each step was painted with red and white stripes spaced 50 mm apart (Fig. 1B & 2). Video-taped movies were 
analysed frame-by-frame. The error on the time was less than 1/250 s, and the error on the longitudinal 
position of the wave front was +/- 1 cm. In experiments Series 1, two video footages were taken for each 
experiment. In experiments Series 2, three video recordings were taken per experiments. All video results are 
presented in terms of the average over two or three recordings. 
In steady flows, the void fraction C is the proportion of time that the probe tip is in the air (e.g. CHANSON 
1997a, 2002). In unsteady gas-liquid flows, the processing technique must be adapted. Few studies considered 
highly unsteady gas-liquid flows (e.g. STUTZ and REBOUD 2000). In the present study, the instantaneous 
void fractions were calculated during a short time interval ∆T such as ∆T = ∆X/U where U is the surge front 
celerity measured with the video-cameras and ∆X is the control volume streamwise length (Fig. 1A). After 
preliminary tests, the basic control volume minimum size was set at 70 mm to contain at least 5 to 20 bubbles, 
that is consistent with the processing technique of STUTZ and REBOUD (2000). 
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Flow conditions 
Prior to the start of each experiment, the recirculation pipe system and convergent intake were emptied. The 
stepped chute was initially dry. The pump was rapidly started and reached nominal flow rate in 5 seconds: that 
is, at least 10 seconds prior to the water entering the channel. The flow rate Q(t=0+) was maintained constant 
until at least 10 seconds after the surge reached the channel downstream end. Previously, steady flow 
experiments were conducted in the same channel with a smooth invert and both stepped configurations 
(CHANSON 1997b, CHANSON and TOOMBES 2002). The steady air-water flow results provided limiting 
conditions for the present unsteady flow results. 
Although the nozzle produced a high-velocity jet flow at the upstream end, strong flow deceleration was 
measured upstream of the first brink and downstream of the first drop. A comparison between experiments in 
the present chute and experiments performed on an uncontrolled chute of similar slope and stepped geometry 
showed that the inflow conditions had little impact, but at the upstream end (CHANSON and TOOMBES 
2002). In the present study, most experiments were focused on the downstream end of the chute (i.e. x > 10 m) 
where the effects of inflow conditions were small. 
 
EXPERIMENTAL RESULTS. (1) Visual observations 
For each experiment, the surge burst out of the nozzle before propagating down the stepped invert. It took 
about 7 to 11 seconds to reach the end of the 24 m long flume, depending upon the initial flow rate. Visual 
observations showed that the surge front propagated as a succession of free-falling nappe and horizontal 
runoff for all flow rates and geometries. That is, at the end of each step, the advancing surge took off, 
becoming a free-falling jet which impacted onto the downstream step face. Downstream of nappe impact, the 
surge flowed horizontally up to the downstream end of the step. Figure 1B illustrates the wave front taking off 
at the downstream end of a step, while Figures 1A and 2 show the horizontal runoff flow. 
The observations emphasised that the wave front was highly aerated, in particular for the larger flow rates 
(Fig. 1B & 2). The photographs highlight further the chaotic nature of wave front, with strong spray, splashing 
and wavelets. Visually the surge leading edge had a similar appearance to that observed during the Brushes 
Clough dam spillway tests (BAKER 1994), the flash flood propagation through the Glashütte township 
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(BORNSHEIN and POHL 2003) and laboratory experiments by DRESSLER (1954) above strip roughness 
elements. 
 
EXPERIMENTAL RESULTS. (2) Surge front propagation 
The propagation of the surge leading edge was recorded for a range of unsteady flow conditions (Table 1). 
Dimensionless locations of wave front xs/do are presented in Figure 3 as a function of the dimensionless time 
t* g/do, where g is the gravity acceleration, xs is the distance along the pseudo-bottom formed by the step 
edges measured from the channel upstream end and do is a measure of the initial flow rate: 
 do  =  
9
4 * 
3 Q(t=0+)2
g * W2
 (6) 
where Q(t=0+) is the initial flow rate for t > 0, and W is the channel width. Physically do would be the initial 
reservoir water depth for a surge propagation down a horizontal initially dry channel (e.g. HENDERSON 
1966, MONTES 1998). 
Figure 3 presents also dimensionless wave front celerity data U/ g*do. The wave front celerity was measured 
over one step length : i.e., the velocity was averaged between one step edge and the next one. For small flow 
rates (Q(t=0+) ≤ 0.04 m3/s), the wave front celerity U was relatively uniform along the 24 m long chute. For 
larger discharges, the celerity seemed to increase slightly over the first 4 to 6 steps. Further downstream, a 
gradual decay was observed. In average, for all flow rates and stepped geometries, the dimensionless wave 
front celerity at the end of the chute was about: 
 
U
g * do
  ≈  1.5 end of 24 m long stepped chute  (7) 
In the downstream half of the chute, experimental data were compared successfully with HUNT's (1982) 
theory. For t* g/do ≥ 35, a fair agreement with HUNT's theory was achieved assuming an equivalent Darcy-
Weisbach friction factor f = 0.05, irrespective of the flow rate and chute configuration (Fig. 3). Calculated 
wave celerity are reported in Figure 3 (dashed line) for t* g/do ≥ 35. The predicted wave front locations are 
also reported (Fig. 3, solid line). 
In smooth concrete chutes, steady flow friction factors f range typically between 0.01 and 0.03 (e.g. 
HENDERSON 1966, CHANSON 1999). In skimming flows down stepped chutes, the equivalent friction 
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factor is about 0.2 (CHANSON et al. 2002). Flow resistance data in step-pool streams yielded similar values, 
although large wooden debris may induce greater flow resistance (McFARLANE and WOHL 2003). Steady 
flow experiments in the present facility showed f = 0.015 and 0.047 in average for smooth chute and stepped 
chute flows respectively (CHANSON and TOOMBES 2002). Present unsteady flow data were in agreement 
with HUNT's (1982) theory assuming a flow resistance (f = 0.05) that is very close to steady flow experiments 
with the same invert profile. The result refutes any suggestion that air entrainment at wave front could create 
an air cushion, inducing some drag reduction. Further the flow resistance estimate f ~ 0.05 was found to be 
independent of step heights (h = 0.07 & 0.143 m) and flow rates for Q(t=0+) = 0.019 to 0.075 m3/s. 
It should be noted that a comparison with HUNT's (1982) theory is incorrect at the upstream end of the flume 
since his kinematic wave solution is valid only once the wave front has travelled a distance of more than 
4*do/So where do is the initial dam height and So is the bed slope (So = sinθ). In the present experiments, a 
comparison with HUNT's theory is valid only for x > 10 to 12 m or t* g/do ≥ 35. It may be added that 
HUNT's theory was developed for smooth inverts. It is believed that the present study is the first application of 
HUNT's theory to very-rough inverts and stepped inverts. This theory provides an exact, analytical 
development which is an useful modelling tool. 
 
Wave front propagation along a single step 
Although Figure 3 suggests an almost linear relationship between surge front location and time, the wave 
propagation along each step was not smooth. It consisted of nappe take-off at the upstream step edge, free-
falling jet, nappe impact and horizontal runoff toward the downstream end of the step. Dimensionless wave 
front celerity data U/ g*do measured on a single step are presented in Figure 4. Figure 4A shows 
experimental results at one step for three flow rates, while Figure 4B presents experimental data at several 
steps for one flow rate. In Figure 4, U is the magnitude of the wave celerity : U = Ux2 + Uy2, where the 
subscripts x and y refer to the measured horizontal and vertical celerity component respectively. Although U = 
Ux downstream of nappe impact, the vertical celerity component must be accounted for in the free-falling 
nappe. Experiments at two step locations for five flow rates (Series 2) demonstrated that the vertical 
component of wave front celerity Uy satisfied the motion equation and hence basic trajectory equation: i.e., 
Uy ∝ t' ∝ x', where t' is the time from take-off and x' is the horizontal distance from the step vertical face. 
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Overall the data highlighted nappe acceleration in the free-jet followed by a gradual flow deceleration 
downstream of nappe impact (Fig. 4). 
 
EXPERIMENTAL RESULTS. (3) Surge front aeration 
Void fractions were recorded at two steps (steps 10 & 16) for three flow rates. On each step, measurements 
were performed at five locations x' (Fig. 1A). Typical void fraction distributions are presented in Figure 5 
where void fractions were calculated during a short time interval ∆Τ such as ∆Τ = ∆X/U where U is the 
measured surge front celerity and ∆X is the control volume streamwise length. In Figure 5, the vertical axis is 
the dimensionless vertical distance y/do. The legend indicates the location and size of the control volume 
behind the leading edge of surge front: e.g., 350-735 mm means the control volume located between 350 mm 
and 735 mm behind the leading edge. In each case, the data are compared with the corresponding steady flow 
data of CHANSON and TOOMBES (2002). 
Figure 5 presents data at one location at the end of a step (x' = 1.0 m) for two flow rates. Void fraction data 
showed consistently an increasing surge front thickness with increasing time. The vertical distributions of air 
contents exhibited a shape somehow close to self-aerated open channel flows (e.g. WOOD 1991, CHANSON 
1997a). The data suggested consistently maximum flow aeration around x' = 0.4 to 0.6 m, corresponding to 
the nappe impact and spray region, followed by some flow de-aeration further downstream up to the end of the 
step (x' = 1.2 m). Overall the data suggested increasing flow aeration and increasing mean void fraction with 
increasing initial flow rate Q(t=0+). The same trend was observed in steady flows down the same facility 
(CHANSON and TOOMBES 2002). 
The distributions of void fractions (Fig. 5) demonstrated a strong aeration of the leading edge, especially the 
first 0.3 to 0.7 m of the wave front flow : i.e., (t - ts)* g/do < 1.0 to 1.2 where t is the time and where ts is the 
time of passage of wave front at x'. The finding was clearly seen for all flow rates and steps for x' ≥ 0.4 m. For 
example, in Figure 5A, the depth-average void fractions defined between 0 and 90% were Cmean = 0.72, 
0.45, 0.312 and 0.21 for (t - ts)* g/do = 0.31, 0.57, 1.6 and +∞ (steady flow) respectively. (That is, for (t - ts) 
= 0.05, 0.09, 0.25 seconds and +∞ respectively.) Another example: in Figure 5B, the depth-average void 
fractions were Cmean = 0.54, 0.22, 0.24 and 0.20 for (t - ts)* g/do = 0.42, 1.2, 2.0 and +∞ (steady flow). In 
addition, the data highlighted a distinctive spray region (C > 0.7) extending up to y = 1.5 to 2 * Y90, where 
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Y90 is the location where C = 90%. Results in terms of depth-averaged void fractions are detailed in Figure 6, 
where Cmean is defined as : 
 Cmean  =  
1
Y90
 * ⌡⌠
y=0 
 Y90
 C * dy (8) 
In Figure 6, the horizontal axis is the dimensionless time (t - ts)* g/do with a logarithmic scale. Note that the 
last data (i.e. (t - ts)* g/do > 10) are the steady flow data  The results highlighted a rapid decrease in depth-
averaged void fraction with increasing time (t - ts), especially within the first 0.3 to 0.7 seconds immediately 
following the surge front passage at a location x'. For longer times (t - ts), the depth-averaged properties 
tended basically the corresponding steady flow conditions. 
At the front of  surging waters, the void fraction distributions had roughly a linear shape : 
 C  =  0.9 * 
y
Y90
 0.1 < (t - ts)* g/do < 1.3  (9) 
where Y90 is the characteristic location where the void fraction equals 0.9. For larger times (t - ts), the 
distribution of air concentration was reasonably well described by a diffusion model developed for steady 
flows : 
 C  =  1  -  tanh2⎝⎜
⎜⎛
⎠⎟
⎟⎞
K"  -  
y
Y90
2 * Do
  + 
⎝⎛ ⎠⎞
y
Y90
 - 
1
3
3
3 * Do
 (t - ts)* g/do > 1.3  (10) 
where K' and Do are functions of the mean air content only (CHANSON 2003). Equations (9) and (10) are 
plotted for unsteady and steady flow conditions in Figure 5B. Their theoretical justification is presented in 
Appendix I. 
At the leading edge, the shape of the propagating surge followed closely the wave shape predicted by HUNT's 
(1984) theory (Eq. (5). The characteristic depth Y90 satisfied consistently : 
 (t - ts) * 
g
do
   ∝   Y90(Y90)steady  +  Ln⎝⎜
⎛
⎠⎟
⎞1  +  Y90(Y90)steady  (11) 
where (Y90)steady is the steady flow characteristic depth where C = 90%. A typical data set is shown in 
Figure 7 and compared with Equation (10). 
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Discussion 
Void fraction data (e.g. Fig. 5) highlighted consistently a major change in void fraction distribution shape for 
(t - ts)* g/do ~ 1.2 to 1.5. For (t - ts)* g/do < 1.2, the void fraction data exhibited a quasi-triangular 
distribution, while air concentration profiles had a S-shape for larger times. 
Several explanations may be proposed, including a non-hydrostatic pressure field in the leading front of the 
wave, and some change in air-water flow structure between the leading edge and the main flow associated 
with a change in rheological fluid properties. Further visual observations seem to suggest some change in gas-
liquid flow regime, with some plug/slug flow at the leading edge and a homogenous bubbly flow region 
behind. There might be also a change in boundary friction regime between the leading edge and the main flow 
behind. 
All these mechanisms would be consistent with high-shutter speed movies of leading edge highlighting very 
dynamic spray and splashing processes. 
 
APPLICATIONS 
Present results provide quantitative information on the propagation of surge waves and flash floods down 
sloping waterways with large roughness. Although developed for smooth channels, HUNT's (1982,1984) 
theory may be applicable and a typical Darcy friction factor of f = 0.05 is appropriate for flat stepped and step-
pool geometries. 
The data emphasised further the large air content of the surge leading edge. The result has direct implications 
in terms of sediment processes at the leading edge of flash flood and swash zone runup on beaches. The 
sediment transport rate is a function of the relative sediment density s = ρs/ρ, where ρs is the sediment density 
and ρ is the fluid density. Known formula of total sediment transport rates yield : 
 qs  ∝  1
(s  -  1)n
 (12) 
where qs is the sediment transport rate per unit width and the exponent n ranges from 0.5 to 3 typically (e.g. 
ENGELUND and HANSEN 1967, GRAF 1971, VAN RIJN 1984). At the surge leading edge, the average 
fluid density is basically ρ*(1 - Cmean) where ρ is the clear-water density and Cmean is the depth-averaged 
void fraction (e.g. Fig. 6). For a mean void fraction 50%, the term (s - 1) equals 4.3 (compared to 1.65 in 
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clear-water) for quartz particles. Equation (12) implies that, at the surge leading edge, the flow aeration, and 
the lesser relative sediment density, could cause a drastic reduction in transport rate. Considering that the 
Shields parameter is proportional to (s -1)-1 and that the particle settling velocity is proportional to (s - 1), a 
lesser buoyancy, all other parameters being identical, might induce lesser sediment bed load and suspension 
motion. 
The above reasoning is based upon the effects of flow aeration with all parameters, including turbulence, 
being identical. It is off course acknowledged that the surge front is highly turbulent (e.g. CAPART and 
YOUNG 1998). In any case, the large amount of air entrainment (i.e. 'white waters') observed at the surge 
leading edge increases the relative density of sediment particles and might affect the sediment motion. 
 
CONCLUSION 
New flash flood surge experiments were conducted systematically down a 24-m long waterway with a stepped 
bottom. Experimental results demonstrated that the surging waters propagated as a succession of free-falling 
nappe, nappe impact and horizontal runoff on each step for all investigated flow conditions. Visual 
observations highlighted the chaotic nature of the advancing flow associated with strong aeration of the 
leading edge. Observations of surge front propagation showed some flow deceleration in the downstream half 
of the channel. The celerity data were successfully compared with HUNT's (1982,1984) dam break wave 
theory assuming a Darcy-Weisbach friction factor f = 0.05 independently of flow rates and step heights. The 
finding suggests that HUNT's development may provide an useful prediction tool in rough sloping channels 
and waterways. 
Unsteady void fraction measurements were performed in the surge front. The results demonstrated 
quantitatively strong aeration of the leading edge, although the flow properties tended rapidly towards steady 
flow characteristics. Void fraction distributions showed a marked change in shape for (t - ts)* g/do ~ 1.3. 
Several explanations were proposed, suggesting some major change in air-water flow properties between the 
wave leading edge and the surging waters behind. The strong aeration of the surge front might have some 
impact on sediment motion near the leading edge, because the sediment relative density is inversely 
proportional to the air and water fluid density. This point must be further investigated in movable-bed 
channels, although a study of three-phase flow (air, water, solid) is challenging. 
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APPENDIX I - VOID FRACTION DISTRIBUTIONS IN SUPERCRITICAL OPEN CHANNEL 
FLOW 
In supercritical open channel flows, free-surface aeration or ‘white waters’ occurs when turbulence acting next 
to the free-surface is large enough to overcome both surface tension for the entrainment of air bubbles and 
buoyancy to carry downwards the bubbles. Assuming a homogeneous air-water mixture for 0 < C < 90%, the 
advective diffusion of air bubbles may be analytically predicted. At uniform equilibrium, the continuity 
equation for air in the air-water flow yields : 
 
∂
∂y⎝⎛ ⎠⎞Dt * 
∂ C
∂y   =  cosθ * 
∂
∂y(ur * C) (I-1) 
where C is the void fraction, Dt is the air bubble turbulent diffusivity, ur is the bubble rise velocity, θ is the 
channel slope and y is measured perpendicular to the mean flow direction. The bubble rise velocity in a fluid 
of density ρ*(1-C) equals : 
 ur
2  =  [(ur)Hyd]
2 * (1 - C)  
where (ur)Hyd is the rise velocity in hydrostatic pressure gradient (CHANSON 1995,1997). A first integration 
of the continuity equation for air leads to : 
 
∂ C
∂y’  =  
1
D’ * C * 1 - C (I-32) 
where y’ = y/Y90, and Y90 is the location where C = 0.90. D’ is the ratio of the air bubble diffusion 
coefficient to the rise velocity component normal to the flow direction times the characteristic transverse 
dimension of the shear flow : 
 D'  =  
Dt
(ur)Hyd * cosθ * Y90 
Assuming a bubble diffusivity distribution such as : 
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 D'  =  
C * 1 - C
0.9  (I-3) 
the analytical solution of Equation (I-2) is: 
 C  =  0.9 * 
y
Y90
 (I-4) 
and the depth-averaged void fraction equals Cmean = 0.45. 
If a bubble diffusivity distribution satisfies : 
 D'  =  
Do
1  -  2 * ⎝⎛ ⎠⎞
y
Y90
 - 
1
3
2 (I-5) 
the analytical solution of the advective diffusion equation yields : 
 C  =  1  -  tanh2⎝⎜
⎛
⎠⎟
⎞
K'  -  
y
Y90
2 * Do
  +  
⎝⎛ ⎠⎞
y
Y90
 - 
1
3
3
3 * Do
 (I-6) 
where Do and K' are functions of the depth-averaged air content only : 
 K'  =  K*  +  
1
2 * Do
  -  
8
81 * Do
 with K* = tanh-1( 0.1)  =  0.32745015... 
 Cmean  =  0.7622*(1.0434 - exp(-3.614*Do)) 
Equations (I-4) and (I-6) were first derived by CHANSON and TOOMBES (2001). 
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NOTATION 
The following symbols are used in this paper : 
C = void fraction, or air content, defined as the volume of air per unit volume of air and water; 
Cmean = depth averaged air content defined in terms of Y90 : 
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  Cmean  =  
1
Y90
 * ⌡⌠
y=0 
 Y90
 C * dy 
Dt = air bubble turbulent diffusivity (m2/s); 
D' = dimensionless air bubbel diffusivity (App. I); 
Do = dimensionless coefficient (App. I); 
ds = dam break wave front thickness (m); 
do = (1) equivalent surge reservoir depth (m) : 
   do  =  
9
4 * 
3 Q2
g * W2
 
  (2) initial reservoir height (m); 
f = Darcy-Weisbach friction factor; 
g = gravity acceleration (m/s2); 
h = vertical step height (m); 
K' = dimensionless integration constant (App. I); 
K* = dimensionless integration constant (App. I); 
l = horizontal step length (m); 
Q(t=0+) = initial water discharge (m3/s); 
qs = sediment transport rate per unit width (m2/s); 
t = time (s); usually t = 0 when xs = 0; 
t' = time (s) measured from nappe take-off; 
U = surge front celerity (m/s); 
ur = bubble rise velocity (m/s); 
 = bubble rise velocity (m/s) in hydrostatic pressure gradient; 
VH = uniform equilibrium flow velocity )m) for a water depth do; 
So = bed slope : So = sinθ; 
s = sediment particle relative density; 
W = channel width (m); 
x = longitudinal flow distance (m) measured horizontally from the channel intake; 
x' = horizontal distance (m) measured from the vertical step height; 
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xs = wave front coordinate (m); 
x's = wave front position (m) measured from the vertical step height; 
Y90 = characteristic distance (m) where C = 0.9; 
y = vertical direction (m) normal to the channel bed; 
∆T = integration time 9s); 
∆X = control volume streamwise length (m); 
θ = channel slope; 
ρ = water density (kg/m3); 
ρs = sediment particle density (kg/m3); 
∅ = diameter; 
 
Subscript 
steady = steady flow conditions; 
x = horizontal direction component; 
y = vertical direction component; 
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Table 1 - Summary of surge experiments and observations down very-rough channels 
 
Experiment θ 
(deg.)
h 
m 
Q(t=0+) 
(m3/s) 
Initial 
channel 
condition
do 
(m) 
Remarks 
(1) (2) (3) (4) (5) (6) (7) 
Present study       
Series 1 3.4 0.143 0.019 
0.030 
0.040 
0.075 
Empty 0.12 
0.161 
0.195 
0.30 
10 horizontal steps (l = 2.4 m). W = 0.5 m. 
Nozzle depth : 0.030 m. 
Series 2 3.4 0.0715 0.040 
0.0475 
0.055 
0.065 
0.075 
Empty 0.195 
0.219 
0.241 
0.270 
0.300 
18 horizontal steps (l = 1.2 m). W = 0.5 m. 
Nozzle depth : 0.030 m. 
Air-water flow measurements conducted for 
Q(t=0+) = 0.04, 0.055 & 0.075 m3/s on 
steps 10 & 17. 
DRESSLER (1954) 0 0.0056 0.0027 
0.0076 
0.0215 
Empty 0.055 
0.11 
0.22 
65-m long horizontal channel with strip 
roughness (h = 0.0056 m, l = 0.0224 m). W 
= 0.225 m. 
Brushes Clough 
dam spillway 
(BAKER 1994) 
18.4 0.19 0.5 Empty ~0.4 Prototype spillway. Inclined downward 
steps, trapezoidal channel (2 m bottom 
width). Data analysis by the writer 
(CHANSON 2001). 
Flash flood through 
Glashütte, Germany 
(BORNSHEIN and 
POHL 2003) 
-- -- -- Wet -- Flash flood caused by the flood retention 
Glashütte dam breach on 12 Aug. 2002 
between 4:10 and 4:40pm. Video 
observations. 
 
Notes : Q(t=0+) : initial flow rate; h : step height or strip roughness height; l : step length or strip spacing. 
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Fig. 1 - Experimental facility at the University of Queensland 
(A) Definition sketch 
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(B) Experiment Series 2 (Q(t=0+) = 0.065 m3/s, step 10, h = 0.0715 m) - Surge front taking off, flow direction 
from top left to bottom right - Note the 'white waters' at the leading edge 
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Fig. 2 - Advancing surge front and conductivity probes 
Experiment Series 2 (Q(t=0+) = 0.075 m3/s, do = 0.297 m, step 10, h = 0.0715 m) - Advancing surge front 
just touching the conductivity probe sensors - Looking upstream 
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Fig. 3 - Propagation of the surge front - Dimensionless wave front location xs/do and wave front celerity 
U/ g*do - Comparison with HUNT's (1982) theory 
(A) Q(t=0+) = 0.055 m3/s, do = 0.241 m, h = 0.07 m 
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(B) Q(t=0+) = 0.075 m3/s, do = 0.297 m, h = 0.07 & 0.143 m 
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Fig. 4 - Dimensionless wave front celerity U/ g*do along a single step (Series 2, h = 0.07 m) 
(A) Experimental results at Step 10 and three flow rates 
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(B) - Experimental results for Q(t=0+) = 0.075 m3/s (do = 0.297 m) and three step locations 
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Fig. 5 - Void fraction distributions behind the leading edge of surge front - Comparison with steady flow data 
(CHANSON and TOOMBES 2002a) 
(A) Q(t=0+) = 0.055 m3/s, do = 0.241 m, Step 16, x' = 1 (U = 2.14 m/s, h = 0.07 m) 
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(B) Q(t=0+) = 0.075 m3/s, do = 0.297 m, h = 0.07 m, Step 10, x' = 1.0 m (U = 2.61 m/s, h = 0.07 m) - 
Comparison between unsteady data, steady flow data (CHANSON and TOOMBES 2002a), and Equations (9) 
and (10) 
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Fig. 6 - Depth-averaged void fraction Cmean behind the surge front as functions of time (t - ts) 
(A) Q(t=0+) = 0.040 m3/s, do = 0.195 m, h = 0.07 m, Step 16, U = 2.0 m/s, x' = 0.8 m 
(B) Q(t=0+) = 0.055 m3/s, do = 0.241 m, h = 0.07 m, Step 16, U = 2.14 m/s, x' = 0.8 m 
(C) Q(t=0+) = 0.075 m3/s, do = 0.297 m, h = 0.07 m, Step 16, U = 2.43 m/s, x' = 0.8 m 
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Fig. 7 - Dimensionless characteristic depth Y90/(Y90)steady as function of dimensionless time (t - ts)/ g/do - 
Comparison with Equation (11) - Step 16, x' = 1.0 m, h = 0.07 m 
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